Bisphenol A (BPA) is a synthetically made chemical used in the production of polycarbonate plastics and epoxy resins. Recent studies have shown that )90% of humans investigated have detectable BPA concentrations. Yet, the biggest concern for BPA is exposure during early development because BPA has been shown to bind to the estrogen receptors (ERs) and cause developmental and reproductive toxicity. We have investigated the potential of perinatal BPA to alter susceptibility for chemically induced mammary cancer in rats. We demonstrate that prepubertal exposure to low concentrations of orally administered BPA given to lactating dams resulted in a significantly decreased tumor latency and increased tumor multiplicity in the dimethylbenzwaxanthracene model of rodent mammary carcinogenesis. Our data suggested that the mechanism of action behind this carcinogenic response was mediated through increased cell proliferation, decreased apoptosis, and centered on an upregulation of steroid receptor coactivators (SRCs) 1-3, erbB3, and increased Akt signaling in the mammary gland. Also, we demonstrate that prenatal exposure to BPA shifts the time of susceptibility from 50 days to 100 days for chemically induced mammary carcinogenesis. Proteomic data suggest that prenatal BPA exposure alters the expression of several proteins involved in regulating protein metabolism, signal transduction, developmental processes, and cell cycle and proliferation. Increases in ER-a, SRCs 1-3, Bcl-2, epidermal growth factor-receptor, phospho-IGF-1R, phospho-c-Raf, phospho-ERKs 1/2, phospho-ErbB2, and phospho-Akt are accompanied by increases in cell proliferation. We conclude that exposure to low concentrations of BPA during the prenatal and early postnatal periods of life can predispose for chemically induced mammary cancer.
Introduction
Steroid hormones play a prominent role in development. This extends from procreation to senescence. Timed expression and interactions of steroids, receptors, and coregulators help to determine differentiation, development, maturation, and maintenance of organs and organelles. Even subtle structural modifications in steroid molecules can result in major biological differences that can be evidenced by alterations to gene and protein expressions.
Steroid receptors have specificity, but they can also bind similar structures, including some environmental chemicals. Aberrant activation of steroid receptors by environmental chemicals during early development can lead to immediate modification of biological signaling or even to long-term effects. Some of these changes are due to direct effects, whereas the delayed and/or permanent alterations are hypothesized to be organizational effects w1, 2x. These changes in protein/enzyme expression can lead to disease manifestations.
Although chemical structure is important, dose is another factor to consider. Now, we realize that not all biological responses abide by a linear dose response, whereby a low dose elicits a lesser effect than higher doses w3x. Indeed, different doses of 17b-estradiol (E2) result in diverse outcomes for mammary tumors induced by dimethylbenzwaxanthracene (DMBA) in rats. Low doses have been reported to cause a marked stimulus in tumor growth, whereas much larger doses cause inhibition of tumor growth w4x. Furthermore, environmental factors play a large role in cancer risk. These can be natural components of our foods or environmental chemical contaminates w5x. A significant increase in cancer incidences was demonstrated shortly after the industrial revolution which is considered to have started in the 17th century. And it became even more frequent in the beginning of the 20th century. This could be associated with the production of environmental chemicals which can be direct-acting carcinogens or even to those that are hormone mimics.
One such chemical is bisphenol A (4,49-dihydroxy-2,2-diphenylpropane, BPA). BPA has two phenol rings that play a role in making polycarbonate plastic and epoxy resins. Polycarbonate plastics are found in the preparation of infant formula and water bottles, children's toys, sport equipment, medical and dental devices, CDs, DVDs, and household electronics. Epoxy resins of BPA are used in coatings in food and beverage cans. It is found in carbonless copy sale receipts and thermal papers. Global production of BPA was estimated to be more than 2.2 million tons in 2009. The primary route of exposure to humans occurs through the oral route, due to the leaching of BPA from incomplete polymerization of epoxy resins or degradation of the weak ester bonds that link the BPA monomers. Studies have shown that these bonds are frequently hydrolyzed during normal use, with factors such as time, elevated temperature, and pH extremes accelerating this process w6-9x. Detectable concentrations of BPA have been found to leach from canned fruits, vegetables, and meat products, condensed and infant milk, canned sodas and juice, cardboard milk and juice containers, plastic food wrap, hospital intravenous tubing, and polycarbonate food and beverage containers under extreme as well as normal conditions of use w8-11x.
BPA has been routinely detected in human biofluids and tissues. In a 2005 study, Calafat et al. found 95% of adults surveyed had detectable concentrations of total (freeqconjugated) urinary BPA w12x. A pilot study measuring the urinary concentration of a panel of environmental chemicals reported a similar proportion (90%) of girls with detectable concentrations of urinary BPA metabolites w13x. Once ingested, BPA is absorbed through the gastrointestinal tract and transported, via the venous circulation, to the liver. First-pass metabolism results in the induction of phase II enzymes and the subsequent conjugation of the majority of BPA absorbed w19, 20x. In rodents, non-human primates, and humans, uridine diphosphate glucuronosyl transferase is reported to produce the major metabolite of BPA, BPA-glucuronide w19-21x. Most studies are in agreement that the conjugates are biologically inert and thus all downstream effects are generally attributed to the action of the remaining free, unconjugated BPA w22x. Several studies have been published chronicling the pharmacodynamics of BPA in rodent models. The elimination of BPA in these studies occurs quickly, with the majority of the administered dose being eliminated within 24 h w19, 20x. Volkel et al. found that adult humans were capable of clearing a single, orally adminis- This emphasis on the route of administration becomes important amid recent criticism by industry and regulatory agencies that many of the studies designed to evaluate the health hazards posed by BPA use artificial routes of exposure that bypass first-pass metabolism and thus subject the animal to much higher concentrations of parental BPA w19x. This criticism is not without merit. It has become increasingly apparent that orally administered BPA is subjected to firstpass metabolism and undergoes rapid elimination from the body after a single dose w19-21x. Other methods of administration, such as intraperitoneal or subcutaneous injections, have been shown to produce increased bioavailability, decreased time to maximum concentration, increased maximum concentration, and a difference in the metabolites produced w19x.
As with estrogen w3-5x, dose is also an important consideration in BPA research. The current regulations on daily BPA exposure in the United States are largely based on a study conducted by the National Toxicology Program w23x. To define clear limits of toxicity, F433 rats were fed BPA over a 2-year period, resulting in the lowest observed adverse effect level (LOAEL) of 50 mg BPA/kg BW per day w23x. The US Environmental Protection Agency applied a 1000-fold 'safety factor' to this concentration to calculate a daily tolerable reference dose of 50 mg BPA/kg BW per day. It should be noted that despite this dose being significantly lower than the reported LOAEL, it still represents an exposure to BPA that is estimated to be at least 5-fold greater than an exposure that can be realistically achieved through dietary intake in humans.
In the past few decades, much effort has focused on estimating daily human intake of BPA. Several estimates based on patterns of normal dietary consumption and BPA migration values currently exist. The National Toxicology ProgramCenter for the Evaluation of Risks to Human Reproduction (NTP-CERHR) recently reviewed this data, estimating that general population adults were exposed to 0.008-1.5 mg BPA/ kg BW per day w24x. The European Union estimated that most adults were exposed, at most, to 1.4 mg BPA/kg BW per day through food sources alone w25x. Consuming large quantities of wines produced in vats lined with epoxy resins was estimated to result in a maximum exposure of 7.5 mg BPA/kg BW per day w25x. Combined, this produced a maximum worst case scenario of normal human consumption of 9 mg BPA/kg BW per day and led to the maximum tolerated dose of 10 mg BPA/kg BW per day.
By most accounts, the deleterious actions of BPA stem from its weak ability to bind with the estrogen receptors (ERs) and induce transcription of estrogen response elements (EREs). This has been shown by multiple groups through a variety of in vitro modeling systems w22, 26x. Several groups have shown the ability of BPA to compete with E2 for binding to the ERs, although at an affinity reported to be 2000-to 10,000-fold less than E2 w26, 27x. Although it has been reported that BPA exhibits a greater affinity to ER-b than ER-a and differences exist between the coregulator proteins recruited to each of the ERs in the presence of BPA, none of these studies have shown that this translates to a greater ability of ER-b to induce downstream ERE-mediated gene transcription w22, 27x.
Although it is convenient to attribute the bulk of the deleterious effects of BPA on its ability to function as a weak ER agonist (via AF-2 activation), it has also been shown to interact with the ERs in a manner that is entirely unique from all known classes of ER ligands (weak estrogens, pure agonists, and pure antagonists) w26x. This suggests that perhaps the mechanism of action of BPA is much more complicated than originally thought. Several studies have found that in vivo effects of BPA related specifically to the mammary gland and the female reproductive tract. Fetal exposure to BPA in mice has been reported to reduce the age at time of vaginal opening and reduce time between vaginal opening and first estrus w28x. In rats, perinatal exposure to BPA disrupted estrous cyclicity and decreased serum luteinizing hormone in adulthood, suggesting involvement of negative feedback w29x. Whether BPA or other xenobiotics impact preadolescents and onset of puberty or menarche is uncertain, given the paucity of longitudinal studies. Perinatal exposure to 250 ng BPA/kg BW per day through a subcutaneously implanted osmotic pump was observed to cause significant alterations in the mammary gland, including an increased number of terminal end buds (TEBs), a decreased rate of apoptosis in the TEBs, increased percentage of cells expressing the progesterone receptor (PR) in the mammary gland, and increased lateral branching w30x. With gestational exposure alone, BPA has been reported to increase the number of terminal ducts, TEBs, alveolar buds, and preneoplastic lesions in the mammary gland. Durando et al. have shown that prenatal exposure to BPA (via subcutaneously implanted osmotic pump) coupled to a subcarcinogenic dose of N-nitroso-N methylurea resulted in an increased percentage of preneoplastic and neoplastic lesions in the mammary gland w31x. Recently, Murray et al. reported that fetal exposure to BPA induces mammary gland ductal hyperplasia and carcinoma in situ w32x. Gestational exposure to BPA has been reported to result in reproductive and endocrine disruption in male and female rodents w33x.
To investigate the potential of BPA to cause developmental toxicity and predisposition for mammary cancer, we first utilized a protocol whereby BPA exposure occurred during the early postnatal period. Because the primary route of exposure to BPA is oral, we administered BPA by gavage to lactating Sprague Dawley CD rats. We administered BPA on a daily basis to dams from day 2 postpartum until time of weaning on day 21 w34x. We selected two BPA doses, a high dose given to the lactating dams that would not result in a change in body weight to the offspring and a second BPA dose that was one-tenth of the high dose (250 mg and 25 mg BPA/kg BW, respectively). Controls were treated with an equivalent volume of the vehicle, sesame oil, on the same schedule. With regard to potential developmental and endocrine toxicity, there were no significant alterations on body weight, puberty as assessed by vaginal opening, and circulating E2 and progesterone concentrations in 50-day-old female rats w34x.
To investigate susceptibility for chemically induced mammary cancer, we used the established DMBA-induced model. At day 50 postpartum, female offspring exposed prepubertally to 0, 25 and 250 mg BPA/kg BW were treated orally with 30 mg DMBA/kg BW. Day 50 in Sprague Dawley rats is routinely used for chemically induced mammary cancer because this is a time of high mitotic index in mammary TEBs w35x. Rats were subsequently palpated for mammary tumors and necropsy was carried out at 180 days post-DMBA exposure. As seen in Figure 1 , prepubertal BPA exposure to rats resulted in a dose-dependent increase in DMBA-induced mammary tumors, with the high dose causing a significant increase in the number of tumors developing per rat. Furthermore, latency (time to first palpated tumor) was significantly decreased for BPA compared to sesame oil exposure. These results demonstrate that prepubertal-only exposure to BPA can result in later increased susceptibility to chemically induced mammary cancer in rats.
Using Western blot analysis, steroid receptor coactivators (SRCs) 1-3, Akt, phospho-Akt, PR-A, and erbB3 proteins were determined to be significantly upregulated at 50 days w34x. We subsequently measured cell proliferation and apoptosis using the protein expression of Ki-67 and the TUNEL assay, respectively. At day 21, shortly after the last BPA treatment, we found no significant effect of prepubertal BPA exposure on cell proliferation and apoptosis in mammary glands of these rats. However at day 50, rate of cell proliferation was significantly increased and rate of apoptosis was significantly decreased in mammary glands of rats exposed to the high BPA dose compared to controls (Figure 2) . Furthermore, the cell proliferation-to-apoptosis ratio was over 2-fold greater in the mammary glands of rats exposed prepubertally to BPA at 50 days of age w34x. Because the effects on cell proliferation and apoptosis were seen at day 50, and not at day 21 (shortly after BPA treatment), we surmise that these results were not due to direct BPA action but rather to a 'permanent' developmental effect, perhaps via organizational or imprinting mechanisms w1, 2, 36x.
Extending our BPA studies to prenatal exposure, we treat- the fetuses were exposed transplacentally. At day 50 postpartum, female offspring were gavaged with 30 mg DMBA/ kg BW to investigate chemically induced mammary cancer. Interestingly, we found no difference between treated groups for mammary tumor multiplicity, latency or tumor incidence w37x. Because we had previously investigated gene w38x and protein expressions w39x in mammary glands of rats exposed prenatally to BPA and found a greater number of significant changes at day 100 compared to day 50, we followed this by carrying out protein measurements at these ages. Discovery proteomic studies were carried out via twodimensional gel electrophoresis for protein separation and enrichment and mass spectrometry for identification. We used Western blot analysis from a separate set of identically treated animals for protein validation. What became evident from our proteomic studies was that there were many proteins involved in regulating protein metabolism, signal transduction, developmental processes, and cell cycle and proliferation w39x (Table 1) . Hence, we elected to investigate low-abundance downstream signaling proteins in mammary glands of 50-and 100-old females to determine the longlasting effects of prenatal exposure to BPA. Figure 3 demonstrates that at day 50, ER-a, PR-A, and Bcl-2 were downregulated and only SRC-3 was upregulated w39x. At 100 days, ER-a, Bcl-2, and the SRCs 1-3 were upregulated in mammary glands of rats prenatally exposed to BPA.
Probing further, we found that phospho-ERK-1 and -2, phospho-ErbB2 and phospho-Akt were upregulated in mammary glands of 50-day-old rats prenatally to BPA (Figure 4 ). By contrast, in mammary glands of 100-day-old rats, epidermal growth factor receptor (EGFR), phospho-IGF-1 receptor, phospho-c-Raf, phospho-ERK-1 and -2, phosphoErbB2, and phospho-Akt were upregulated. Together, 11 of 12 proteins associated with cell proliferation were upregulated in mammary glands of 100-day-old rats and only five proteins that can be implicated with cell proliferation were upregulated in mammary glands of 50-day-old rats. In addition, we measured Ki-67 in the mammary epithelial cells of 100-day-old rats and found a 2.25-fold increase in cell proliferation in prenatal BPA exposed rats compared to sesame oil exposed rats (31.14% and 13.84%, respectively) w37x. This suggested to us that prenatal exposure to BPA could shift the timing of susceptibility for mammary cancer in rats.
Accordingly, we investigated DMBA-induced mammary cancer in 100-day-old female rats whose dams were treated orally during pregnancy with 250 mg BPA/kg BW or the vehicle, sesame oil. In contrast to the results of rats exposed on day 50 with DMBA, we recorded a significant increase in tumor incidence, a non-significant increase in tumor multiplicity, and a significant decrease in time to first tumor development in 100-day-old rats exposed prenatally to BPA ( Figure 5 ) w37x. Furthermore, the pathology report revealed a significantly increased proportion of 100-day-old DMBAinduced mammary tumors classified as grade II according to the Bloom-Richardson system which takes into consideration mitotic index, nuclear grade, and adenocarcinoma tubular pattern w40x in rats exposed prenatally to BPA (45%) as compared to sesame oil (23%). This suggests that prenatal BPAexposed offspring could develop more aggressive mammary cancer.
In summary, we have shown that prepubertal exposure to oral low concentrations of BPA resulted in a significantly decreased time to first tumor latency and increased tumor multiplicity in the DMBA model of rodent mammary carcinogenesis w34x. Our data suggest that the mechanism of action behind this carcinogenic response was mediated through increased cell proliferation, decreased apoptosis, and centered on an upregulation of SRCs 1-3, erbB3, and increased Akt signaling in the mammary gland.
Furthermore, we demonstrate that prenatal exposure to BPA shifts the time of susceptibility from 50 days to 100 days for chemically induced mammary carcinogenesis w37x. Proteomic studies prove valuable in elucidating mechanism of action w39x. Increases in ER-a, SRCs 1-3, Bcl-2, EGFR, phospho-IGF-1R, phospho-c-Raf, phospho-ERKs 1/2, phospho-ErbB2, and phospho-Akt are accompanied by increases in cell proliferation w37x.
Outlook
Future research should investigate if prenatal and prepubertal exposures to orally administered BPA exert its long-lasting effects via epigenetic mechanisms and if populations at risk (certain phenotypes) are more likely to develop breast cancer if exposed to BPA. Finally, dose-response studies (especially at low doses) and measurement of blood and urine BPA concentrations should be carried out to draw comparison to human exposure.
